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The alligator gar Atractosteus spatula is a euryhaline fish found in the Gulf of 
Mexico and surrounding drainages.  However, the extent of its hypo-osmotic abilities are
not well understood.  To determine effect of salinity on growth, metabolic rate, and 
osmoregulation abilities the following question was developed: when does the alligator
gar have the osmoregulatory capabilities to survive in hyperosmotic environments? To 
answer this question, two different age groups (60 and 330 days after hatch [DAH]) of
juvenile alligator gar were exposed to 4 different salinities (0, 8, 16, and 24 ppt) for a 30-
day period.  Specific growth rate, oxygen consumption rate, plasma osmolality, plasma 
ion concentrations, tissue Na+, K+-ATPase activities, and drinking rate were measured.  I 
determined that the 60 DAH alligator gar had a greater ability to grow and regulate ions 
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The alligator gar Atractosteus spatula is a primitive, long-lived species and a
member of the Lepisoteidae family (Wiley 1976). It once ranged from Veracruz, Mexico 
to Illinois and Ohio, USA, but population have been declining in the last few decades 
(Aguilera et al. 2002).  Currently, naturally sustaining populations are restricted to the
southeastern United States, mainly Louisiana, Texas, and Mississippi, and northern 
Mexico.  The main reasons for the decline have been attributed to habitat alteration and 
overfishing (Ferrara 2001).  In 2008, the alligator gar was listed as a vulnerable species 
by the American Fisheries Society’s Endangered Species Committee due to “destruction, 
modification, or reduction of taxon’s habitat or range and over-exploitation” (Jelks et al. 
2008).  Construction of dams in many drainages within sections of the alligator gar’s 
historical range has regulated the natural fluctuations of the large river systems (Junk et 
al. 1989), thereby altering the inundation of floodplains.  Alligator gar requires shallow, 
slow-moving water and vegetated habitats characteristic of inundated floodplains for
spawning (Ferrara 2001). Its eggs are adhesive and attach to submerged vegetation and 
woody debris (Echelle and Riggs 1972).  Alligator gar use floodplain-habitats after
hatching as nursery areas (Robertson et al. 2008).  Free-flowing rivers like the lower 
Mississippi River allow for natural inundation of floodplains (Schramm 2004), which 













   
 











Because this species is declining, federal and state fish and wildlife agencies as well as 
universities are conducting studies to learn more about the alligator gar’s life history and 
physiological capabilities.
Background
The alligator gar is tolerant of a wide range of environmental conditions. The
alligator gar is able to survive in low dissolved oxygen concentrations and relatively high 
nitrite and nitrate concentrations (Boudreaux et al. 2007; Suchy 2007).  This is, in part, 
because it has a physostomous and vascularized swim bladder enabling it to be a partial 
air breather (McCormack 1967; Potter 1927).  It is also tolerant of a range of salinities.  
Previous research has shown that alligator gar less than 50 days after hatch (DAH) cannot 
survive in salinities greater than 16 ppt without an acclimation period (Suchy 2007).  
Suchy (2007) found that survival for 50 DAH fish decreased when salinity was 24 ppt
and greater given an incremental increase of 4 ppt for 24 hours.  However some 
individuals move downstream to estuaries during part of their life history.  In coastal 
Louisiana, there are large naturally sustaining populations in estuarine habitats 
(DiBenedetto 2009).  
Adults have been captured in full-strength sea water (approximately 35 ppt) (Ross 
2001).  This brings up an important question regarding alligator gar life history:  when 
does the alligator gar acquire the ionic and osmotic regulatory capabilities to survive in 
saline water?  When an organism is exposed to a changing salinity environment it
experiences osmoregulatory challenges.  Energetic costs are increased by ionic and 
osmotic regulation in hyperosmotic environments (Boeuf and Payan 2001).  Ionic and 






   
 




   
 
 
    




     
  
et al. 2005; Evans 2008).  Gills are the major sites of ionic and osmotic regulation in part 
because they contain chloride cells (Evans et al. 2005).  Chloride cells are known to 
extrude chloride passively via an electrochemical gradient facilitated by ionic pumps that 
are located at the basolateral membrane and have high Na+, K+ –ATPase activity (Foskett 
and Scheffey 1982; McCormick 1993).  Density of chloride cells increases when fish are
exposed to high salinity environments and decreases when fish are exposed to low 
salinity environments (Hwang et al. 1989), although these changes may be species-
specific.  
Survival in elevated salinities may cause growth rates to decrease because energy
used for ionic and osmotic homeostasis may leave insufficient energy for somatic growth 
(Altinok et al. 1998; Allen and Cech 2007).  Amount of energy dedicated to 
osmoregulation has been reported as 20-50% of total energy budget of the fish; however, 
recent studies show it can be as low as 10% (Boeuf and Payan 2001).  One way to 
quantify the related energetic costs is to measure respiration (Cech 1990).  During
respiration, oxygen is taken up through the gills and is used for aerobic conversion of
energy from food to high-energy chemical bonds such as adenosine triphosphate (Eckert 
and Randall 1983).  If environmental conditions (i.e., temperature or salinity) change,
respiration and metabolic rates will change to compensate for the changing energy
demand.  Measurements of respiration thus can describe the physiological state of a fish 
in a particular environment.  Survival can be threatened if physiological mechanisms are
unable to achieve homeostasis at a high salinity concentration (Martinez et al. 2002). If a
fish is able to maintain ionic and osmotic homeostasis, energetic demands may leave





      
   
    
 
   
    
 











Limited research has been conducted on optimal salinities for growth of alligator 
gar.  Suchy (2007) found that salinity for maximizing growth of alligator gar at 50 DAH
is between 0 and 8 ppt. Suchy (2007) also found that at water temperatures of 27°C, 
juvenile alligator gar (50 DAH) are able to survive a sudden increase in salinity from 0 
ppt to 16 ppt for 24 hours.  However, estuaries are not static environments and salinities 
fluctuate on a diel and seasonal basis.  Also, alligator gar are thought to use backwater 
habitats and tributaries (where salinity is near 0 ppt) to larger rivers as nurseries, and may
remain in these habitats until they increase in size, which limits their predators (Ferrara
2001).  The exact size and age of these fish when they leave these habitats is still being
defined.  This supports the idea that salinity tolerance in alligator gar is related to age or
body size, with larger fish able to enter brackish water and eventually full-strength 
seawater. It is then necessary to investigate the osmoregulatory capabilities of different 
age classes of alligator gar.  Specifically in these experiments 60 and 330 DAH alligator
gar were examined to determine if this difference in age had an impact on their 
osmoregulatory capabilities.
Objectives
To determine effect of salinity on growth, metabolic rate, and osmoregulation 
abilities the following question was developed:  at different ages (60 and 330 DAH) do 
alligator gar individuals have the osmoregulatory capabilities to survive in hyperosmotic
environments?  As fish enter hyperosmotic environments they are constantly losing water 
to their surrounding environment through osmosis.  They must then ingest that same
water into their gastrointestinal tract (GIT) and actively pump out ions from their GIT, 
























optimal, constant osmotic pressure within their body.  To answer the above question, the 
following objectives were developed:
1) Determine effect of salinity on growth rates of two different ages (60 and 
330 DAH) of alligator gar at four different salinities (0, 8, 16 and 24 ppt).
2) Determine effect of salinity on oxygen consumption rate of alligator gar at 
four different salinities (0, 8, 16 and 24 ppt).
3) Determine effect of salinity on ionic and osmoregulatory abilities (plasma
osmolality and plasma ion concentrations of Na+, K+, Mg+, Ca+, NH4+, F-, 
-3 -2 Cl-, Br -, PO4 and SO4 , gill, kidney, esophagus and gut Na+, K+-ATPase
activities and drinking rate) at four different salinities (0, 8, 16 and 24 
ppt).
Effect of salinity on growth is addressed in Chapter 2 by measuring specific 
growth rates of 60 and 330 DAH alligator gar exposed to 0, 8, 16 and 24 ppt salinities for
a 30-day period.  Effect of salinity on oxygen consumption rate is address in Chapter 3 by
placing individual alligator gar from the growth experiment into an intermittent flow 
respirometer at their corresponding treatment salinities and measuring their oxygen 
consumption rate 3 times during a 35 minute period.  Effect of salinity on ionic and 
osmoregulatory abilities is addressed in Chapter 4 through measurement of the plasma
2+ 2+ 3- 2-osmolality, plasma ion concentrations (Na+, K+, Mg , Ca , F-, Cl-, Br -, PO4 and SO4 ) 
and gill, kidney, esophagus and gut Na+, K+-ATPase activities of the alligator gar that 
were in the 30-day growth experiments.  Drinking rates were also measured by placing
individual fish aged 85 and 300 DAH into 11.4-L pre-rinsed containers and adding 51Cr-
EDTA to the water.  Their GIT’s were removed and counted in a gamma counter to 
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CHAPTER II
EFFECTS OF SALINITY ON GROWTH IN 60 AND 330 DAYS AFTER HATCH 
ALLIGATOR GAR
Introduction
The alligator gar Atractosteus spatula is a euryhaline species with adults found in 
salinities ranging from fresh water (0 ppt) to full-strength seawater (~35 ppt) in the Gulf
of Mexico (Ross 2001).  Spawning is known to occur in salinities ≤ 7 ppt (Ross 2001; A. 
Ferrara, Nicholls State University, personal communication).  Alligator gar are thought to 
use backwater habitats and tributaries of larger rivers as nurseries (where salinity is near
0 ppt), and may remain in these habitats until they increase in size, which reduces their 
predators (Ferrara 2001).  The exact size and age of these fish when they leave these
habitats is still being defined.  Robertson et al. (2008) collected alligator gar individuals 
ranging from 409 to 810 mm in oxbow lakes along the middle Brazos River, Texas.  
DiBenedetto (2009) collected alligator gar individuals ranging from 2 – 15 years-old and 
665 – 2120 mm from the lower Terrebonne estuary in Louisiana, USA, where salinity
ranges from 10 to 32 ppt.  Therefore, the alligator gar appears able to tolerate greater 
salinity and enter brackish water and eventually seawater as it increases in age and size.
Conservation and management activities depend on understanding the life history
and capabilities of a species, such as understanding at what life stage the alligator gar is 













   
  
  
   
   





for stocking and reintroduction programs for this species that are currently occurring in 
the USA.  
Large naturally sustaining populations occur in estuarine habitats in coastal
Louisiana (DiBenedetto 2009).  Estuarine habitats are not static environments, with 
salinities fluctuating in time and space, therefore alligator gar individuals are constantly
experiencing osmoregulatory challenges.  Energetic costs are increased by ionic and 
osmotic regulation in hyperosmotic environments (Boeuf and Payan 2001). Amount of 
energy dedicated to osmoregulation has been reported as 20-50% of total energy budget 
of the fish; however, recent studies show it can be as low as 10% (Boeuf and Payan 
2001).  These increased energetic costs may cause growth rates to decrease because 
energy needed for somatic growth may instead be used for ionic and osmotic homeostasis
(Altinok et al. 1998; Allen and Cech 2007).  Eventually, survival can be threatened if 
physiological mechanisms are unable, or insufficient energy is available, to achieve
homeostasis at greater salinities (Martinez et al. 2002).  
Limited research has been conducted on the optimal salinities for growth of
alligator gar.  Suchy (2007) found that the salinity for maximizing growth of 20 DAH 
fish was between 4 and 8 ppt at 28°C, and for 50 DAH optimal salinity was actually 0 ppt 
at 29°C.  These fish were progeny of broodstock collected from St. Catherine Creek 
National Wildlife Refuge, Natchez, MS, USA. Suchy (2007) also found that fish (50 
DAH) were able to survive a sudden increase in salinity from 0 ppt to 16 ppt for 24 
hours, at water temperatures of 27°C and survived in 34 ppt for 180 min before mortality
occurred.
The objective of this experiment was to determine effect of salinity on growth 





   















salinities (0, 8, 16 and 24 ppt). These salinities were chosen to represent fresh and 
brackish water environments that the alligator gar is believed to inhabit.  These two ages 
of fish were chosen to determine if an increase of size and age will change effect that 
salinity has on growth.  It was predicted that the 60 DAH fish would have increased 
energy demands at increased salinities due to osmoregulation and therefore have reduced 
growth rates.  Also, it was predicted that the 330 DAH fish would have a greater ability
to regulate their internal ion concentrations and even though energy would be dedicated 
to osmoregulation, the growth rates would be equivalent across salinities.
Methods
Source of Fish
Broodstock were collected from the St. Catherine Creek National Wildlife Refuge
in Natchez, MS, USA.  Fish were transferred to the U.S. Fish and Wildlife Service
(USFWS) Private John Allen National Fish Hatchery in Tupelo, MS, USA where they
were artificially induced to spawn. The fish hatched on May 18, 2010 and were weaned 
from a live diet onto a formulated diet.  This weaning process was first described by
Mendoza et al. (2008).  The diet fed to these larval fish was determined by hatchery
manager Ricky Campbell but was similar in size and composition to Mendoza et al. 
(2008).  Once weaned onto the formulated diet the fish were fed according to a feeding
regime developed by the USFWS Warm Springs National Fish Hatchery in Warm 
Springs, GA, USA (Table 1). 
The fish were approximately 25 mm long at 15 DAH (R. Campbell, USFWS
Private John Allen National Fish Hatchery, personal communication).  Similar size and 







   
 
 
       
  
  
    









individuals were transported to the South Farm Aquaculture Facility at Mississippi State
University, Starkville, MS, USA.  The fish were maintained in four rectangular, aerated, 
insulated tanks (600 L; 208 x 56 x 56 cm) supplied with flow-through well water at 24°C
prior to experiments.  The fish were fed in excess using belt feeders and hand feedings 
three times a day according to the feeding regime described in Table 1.
Growth Experiments
When the fish reached 60 DAH, a subset (n=320) was transferred from holding
tanks to experimental tanks.  Prior to transfer, food was withheld for 2 days, which was 
the length of time required to clear gut contents based on a pilot study. Fish were lightly
anesthetized using 100 mg l-1 tricaine methanesulfonate (MS-222, Argent Chemical 
Laboratories, Inc., Redmond, USA) to reduce stress during handling.  Fish were
individually weighed to the nearest 0.01 gram by removing excess water from the body
by blotting on a moist paper towel. Standard length and total length were measured to 
the nearest 1 mm.  Standard length was measured in case the caudal fins were damaged 
during the 30 day growth experiment.  However this did not happen so the measurements 
were not used.  
In experimental tanks, fish were subjected to four different salinity treatments (0, 
8, 16 and 24 ppt) for a period of 30 days.  Each treatment had 20 fish in each of four 
replicate 340 L round polyethylene tanks (99 cm x 51 cm). Each tank was covered with 
0.64 cm plastic mesh attached to a circular ring of 0.64 cm steel wire, and secured to the
tank with a bungee cord. The remaining fish were held in the rectangular insulated tanks 
until they reached 330 DAH, and the second growth experiment began.  The treatments 















   
 
      
  
   
 
(73.15x1.8x1 m) that functioned as water baths maintaining all tanks at the same
temperature (25.0 ± 0.4 °C) via flow-through well water.  Each tank was filled with well-
water (267 L), adjusted for salinity with artificial sea salt (Instant Ocean, Aquarium 
Systems Inc, Blacksburg, VA, USA), and equipped with a magnetic water pump (MD3, 
Aquatic Ecosystems Inc, Apopka, FL, USA) and a mechanical/biological filter (J319 Red 
Sea, Houston, Texas, USA) for maintaining desired water quality.  
Dissolved oxygen, salinity, pH, temperature, total ammonia (TAN) and unionized 
ammonia (NH3) were measured three times weekly with a dissolved oxygen meter (YSI
550A, YSI Inc., Yellow Springs, Ohio, USA) a refractometer (SR5, Aquatic Ecosystems 
Inc., Apopka, FL, USA), a pH meter (YSI pH 10, YSI Inc., Yellow Springs, Ohio, USA), 
and a colorimeter (DR/550, Hach Co., Loveland Colorado, USA).  If water quality was 
diminished (total ammonia > 2.00 ppm, 6.5 < pH < 8.5) the tanks were given a 50%
water change.  Water quality data are shown in Table 2.  All fish were maintained on a
simulated-natural photoperiod (from 14 hours light (L) and 10 hours of dark (D) to 11 L
and 13 D at 33° 27’ 1” N / 88° 49’ 5” W, June-August).
During the experiment, fish were hand fed 5% of their total wet body weight 
daily, divided equally into three feedings (0800, 1200, and 1600 hours) using a floating
pellet diet (45% protein, 16% lipids and 39% carbohydrates; Silver Cup Trout Diet; 
Nelson & Sons, Inc., Murray, UT, USA).  The proximate composition is similar to that 
used by Suchy (2007).  Mortalities were recorded and immediately removed from the
tanks, and were only used for survival analyses.  Salinity was increased at a rate of 4 ppt 
day-1 for 6 days. After all of the tanks had reached their treatment salinity, measurements 
for specific growth rate (SGR) and food conversion efficiency (FCE) began.  Amount of 







    
  
  
     
   
 





    
   
 
   
  
 
   
and removing the excess pellets from the tank after 1 hour.  The pellets did not break 
apart during the hour.  Excess pellets were counted and multiplied by the mean dry
weight of one pellet (3.5 mm = 0.022 ±0.002 g, n=20; 5 mm = 0.086 ±0.003 g, n=20) 
determined from a pilot study.  However, due to the loss of fish during the experiment, 
FCE was not calculated.  To measure effect of salinity on growth, measurements began 
immediately after all treatment salinities were reached.  After 15 days, food was withheld 
for 2 days and the same anesthetizing, weighing and measuring process was completed to 
determine their growth and to keep the same 5% feeding rate.  After 30 days, the same 
anesthetizing, weighing and measuring process was again conducted to measure the final 
wet weights and total lengths of all remaining fish.  The SGR (percentage change in 
weight per day) was determined according to the equation by (Mayfield and Cech 2004): 
SGR = 100[loge(W2 W1-1) t-1] (1)
where W2 = final wet weight (g), W1 = initial wet weight (g), t = time (days).
The same growth experiment was repeated for 330 DAH fish with several 
changes.  Unlike the first experiment, only 8 individuals were placed into each 340 L
tank to reduce crowding, and due to an insufficient number of fish from cannibalism in 
holding tanks.  Initial mean density of fish in the 60 DAH growth experiment was 0.74 ± 
-1 -1 0.02 g L compared to 5.54 ± 0.20 g L in the 330 DAH growth experiment.  During the 
first two days after fish were transferred to experimental tanks, it was observed that they
only fed during the morning feeding and did not eat most of the food.  To reduce effect of 
diminishing water quality caused by excess uneaten feed, amount of feed added to the
tanks was reduced.  Each tank was fed once a day in excess by hand.  Fish never 
consumed all the feed that was added to the tank.  After 1 hour uneaten food was 



















    
   
   
 
there was no need to obtain their wet weight to adjust feeding amount and thus, they were
not measured and weighed halfway through the 30 day experiment.  For both 
experiments, the fish were considered acclimated to the tanks when they were consuming
a constant amount of food.  This was determined by measuring food consumed each day
and observing when the fish were eating similar amounts of food for several days.  All 
experimental protocols were approved by the Institutional Animal Care and Use
Committee (IUACUC # 10-046).
Statistical Analyses
Mean initial weights, final weights, SGR, water quality measurements, food 
consumption for each treatment salinity were each analyzed by a one-way analysis of 
variance (ANOVA)  using SAS version 9.2 (SAS Institute, Cary, NC, USA).  The
acceptable level for all type-I errors was set at P < 0.05. A Shapiro-Wilk test was 
performed to determine if the population was normally distributed and a Brown-
Forsythe-Levene test was performed to test for homogeneity of variances.  If ANOVA 
was significant, then a Tukey’s multiple comparison test was used to determine which 
salinity treatments differed significantly. 
Results
Growth Experiments
During the 60 DAH growth experiment, NH3, pH, temperature and dissolved 
oxygen did not differ significantly among salinities (one-way ANOVA: F3, 15 ≤ 1.55, P ≥ 
0.2054; Table 2).  TAN was significantly greater in the 8 ppt tanks (0.68 ± 0.11 mg L-1) 
than the 24 ppt tanks (one-way ANOVA: F3,15 = 2.82, P = 0.0411; Table 2).  During the
























TAN was significantly greater in the 0 ppt tanks than the 8, 16 and 24 ppt tanks and TAN 
was greater in 8 ppt tanks than in 16 and 24 ppt tanks (one-way ANOVA: F3, 15 = 23.13, 
P = <.0001).  NH3 was significantly greater in the 0 ppt tanks (0.09 ±0.014 mg L-1) than 
in the 8, 16 and 24 ppt tanks (one-way ANOVA: F3, 15 = 31.37, P = <0.001).  pH in the 0 
ppt tanks was significantly greater than the 8, 16, and 24 ppt tanks (one-way ANOVA: F3,
15 = 42.24, P = <0.001).  Dissolved oxygen in the 0 ppt tanks was significantly less than 
the 24 ppt tanks but still > 6.0 mg L-1 (one-way ANOVA: F3, 15 = 9.99, P = <0.001; Table 
2). After the 6 day salinity adjustment period the 60 DAH fish appeared to have adjusted 
to the tanks, because  amount of food consumed each day per tank remained constant (7-
11 g depending on the tank).  However this was not the same for the 330 DAH fish in the 
16 and 24 ppt salinity treatments.  There was never a point when fish consumed a
constant rate of food each day.  
After the 30-day growth experiments, mean SGR’s of the 60 DAH fish did not 
differ significantly (one-way ANOVA: F3, 15 = 1.79, P = 0.202), whereas for the 330 
DAH fish, the 0 ppt salinity group had a significantly greater (one-way ANOVA: F3, 15 = 
8.58, P = 0.003) SGR than the 16 and 24 ppt salinity groups (Figure 1).  The 330 DAH 
fish in the 16 and 24 ppt treatments consumed significantly less feed than the fish in the 0 
and 8 ppt treatments (one-way ANOVA: F3, 15 = 17.03, P = <0.001).  The 60 DAH fish 
did not consume significantly different amounts of feed (one-way ANOVA: F3, 15 = 1.03, 
P = 0.413; Figure 2). The decrease in the final number of fish in all four treatments for
the 60 DAH fish was caused by cannibalism and possible escapement (Table 3). No 
escapement was noted for the 60 DAH fish, but escapement may have been possible, 
because this was observed in the 330 DAH growth experiment.  Therefore, for the 60 




















the water baths surrounding tanks or been consumed by external predators (e.g. 
raccoons).  The decrease in percentage of remaining fish in all four treatments for the 330 
DAH fish was caused by escapement only (Table 4).  These fish were observed in the
surrounding raceways and removed from analyses. 
Discussion
Salinity tolerance is species specific and usually increases with age and size and is 
reflected by growth rates (Altinok et al. 1998; Farmer et al. 1978; Nordie et al. 1982; 
Parry 1961; Stickney 1991).  However, this was not the case for fish in these two growth 
experiments.  The 60 DAH fish showed no difference in SGR’s between salinities. 
However, this was presumably due to cannibalism, as the larger fish consumed some of
the smaller fish, thereby affecting the mean growth rates.  For the 330 DAH fish, the
results of the growth experiment suggest that 0 ppt is the best salinity for growth.  At this 
age, the fish lost weight when exposed to 16 and 24 ppt.  It is likely that the exposure to 
hyperosmotic salinities increased the energy needed for osmoregulatory processes 
reducing the energy available for somatic growth (Brett and Groves 1979).  Unlike the 60 
DAH experiment, there was no cannibalism in the 330 DAH growth experiment.  Further, 
the 330 DAH fish in the 16 and 24 ppt treatments consumed significantly less feed than 
fish in the 0 and 8 ppt treatments.  This resulted in lesser SGR’s in the 16 and 24 ppt 
treatments compared to the 0 ppt treatment.  Therefore, because the fish were consuming
less food, they had less energy to contribute to somatic growth and osmoregulation.  This 
was not the case for the 60 DAH fish.  They consumed formulated diet and other fish, 





   












Results of the 60 DAH growth experiment suggest that alligator gar individuals of 
this age can survive in salinities up to 24 ppt for 30 days.  However, the fish remained in 
the recirculating systems for subsequent experiments.  During this time, the feeding was 
reduced to one feeding per day.  The salinity remained the same, and after 57 days (117 
DAH) in 24 ppt, the fish did not survive.  After 55 days fish stopped feeding and the
TAN increased to > 2.75 mg L-1 due to uneaten food.  Up to this time, the fish were
eating all pellets added to the tanks.  A complete water change was applied to all four 24 
ppt tanks and the TAN was decreased to 0.10 mg L-1 . After the water change and 
decrease in TAN the fish never resumed feeding and after 2 more days all of the fish 
died. 
The 330 DAH fish in the 16 and 24 ppt salinity treatments lost weight.  After 
being slightly anesthetized in MS-222 at the termination of the growth experiment, most 
of the fish did not survive.  Before the anesthetizing process was administered, the fish 
appeared in poor condition.  Fish had transformed from their olive-green/brown color to a 
more grayish color.  The main difference in behavior between the 60 and 330 DAH fish 
was that the 60 DAH fish were cannibalistic. This may have had an effect on ability for
the 60 DAH fish to maintain homeostasis in the increased salinities for a greater period of
time than the 330 DAH.  
The alligator gar is a euryhaline long-lived fish that is common in the lower 
Mississippi River (Ross 2001).  The naturally sustaining populations in the coastal 
Louisiana marshes (DiBenedetto 2009) suggest that a saline environment may benefit 
adult alligator gar.  However, the potentially greater abundance in coastal marshes may
not be from salinity or salinity tolerance.  For these populations to be naturally sustaining, 






   
 
 
on the early life history of this species is still being conducted (Ferrara 2001; Mendoza et 
al. 2002a; 2002b).  
In conclusion, 60 and 330 DAH alligator gar can survive and grow in 0 and 8 ppt 
with maximum growth occurring in 0 ppt for 330 DAH alligator gar.  Alligator gar can 
survive and grow in 16 ppt and in 24 ppt for a period of 57 days at 60 DAH.  At 330 
DAH, alligator gar can survive in 16 and 24 ppt for a period of 30 days.  However, during




































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































      
      
        
        










   
         
         
       
       
 
Table 3 Mean growth (± SE) of 60 days after hatch (DAH) alligator gar 
(Atractosteus spatula) held at different salinities in recirculating systems 
over a 30 day period at the South Farm Aquaculture Facility at Mississippi 
State University, Starkville, MS, USA in 2010.  Different letters indicate 




Initial Mean Wt Final Mean
(g) Wt (g)
10.19 (± 0.71) 55.55 (± 2.53) 
Mean SGR (% % Wt 
-1day ) Increase
2.33 (± 0.08) 82 
% Remaining
73 
8 10.06 (± 0.31) 49.20 (± 1.36) 2.22 (± 0.05) 80 70 
16 9.54 (± 0.45) 53.21 (± 1.44) 2.41 (± 0.03) 82 77 
24 9.45 (± 0.36) 50.70 (± 3.24) 2.35 (± 0.05) 81 75 
Table 4 Mean growth (± SE) of 330 days after hatch (DAH) alligator gar 
(Atractosteus spatula) held at different salinities in recirculating systems 
over a 30 day period at the South Farm Aquaculture Facility at Mississippi 
State University, Starkville, MS, USA in 2011.  Different letters indicate 
significant differences (One-way ANOVA; P < 0.05; n=4).
Salinity Initial Mean Final Mean Mean SGR  (%% Wt % 
(ppt) Wt (g) Wt (g) -1day ) Increase Remaining
0 197.40 (± 7.81) 288.50 (± 17.53)a 0.54 (± 0.08)a 32 91
8 197.90 (± 13.73) 245.16 (± 15.26)a ab0.31 (± 0.14) 19 72
16 164.40 (± 2.60) b157.64 (± 4.78) b- 0.06 (± 0.04) -4 93









Figure 1 Effect of salinity on the mean (± SE) specific growth rate of 60 and 330 
days after hatch (DAH) alligator gar (Atractosteus spatula) at the South 
Farm Aquaculture Facility at Mississippi State University, Starkville, MS, 
USA in 2010-2011. Different letters indicate significant differences (One-









Figure 2 Mean (± SE) amount of feed consumed by the 60 and 330 days after hatch 
(DAH) alligator gar (Atractosteus spatula) over the 30 day growth 
experiment per tank in each salinity treatment at the South Farm 
Aquaculture Facility at Mississippi State University, Starkville, MS, USA 
in 2010-2011 .  Different letters indicate significant differences (One-way
ANOVA, P < 0.05; n=4)
23
ición Ac






























Mendoza, R., C. Aguilera, G. Rodrigues, M. Gonzalez, and R. Castro. 2002b.
Morphophysiological studies on alligator gar (Atractosteus spatula) larval
development as a basis for their culture and repopulations of their natural habitats.
Reviews in Fish Biology and Fisheries 12:133-142.
Mendoza, R., C Aguilera, L. Carreon, J. Montemayor, and M. Conzalez. 2008. Weaning
of alligator gar (Atractosteus spatula) larvae to artificial diets. Aquaculture
Nutrition 14:391-398.
Nordie, F. G., W. A. Szelistowski, and W. C. Nordie. 1982. Ontogenesis of osmotic
regulation in the striped mullet, Mugil cephalus L. Journal of Fish Biology 20:79
86.
Parry, G. 1961. Osmotic and ionic changes in the muscle of migrating salmonids. Journal
of Experimental Biology 38:411-427.
Ross, S.T. 2001. The Inland Fishes of Mississippi. University of Mississippi press,
Oxford 86-87.
Stickney, R. 1991. Effects of salinity on aquaculture production. Page 105-132 in D.
Brune and J. Tomasso, editor. Advances in world Aquaculture vol. 3: Aquaculture
and Water Quality. The World Aquaculture Society, Baton Rouge, Louisiana Pg.
105-132.
Suchy, M. 2007. Effects of salinity on growth and survival of larval and juvenile alligator
gar Atractostous spatula, and on plasma osmolality of non-teleost actinoperygiian










     
 
   
    
      





EFFECTS OF SALINITY ON OXYGEN CONSUMPTION RATE OF 117 AND 383 
DAYS AFTER HATCH ALLIGATOR GAR
Introduction
The alligator gar Atractosteus spatula is a euryhaline species with  naturally
sustaining populations found in the southeastern United States, mainly Louisiana, Texas, 
and Mississippi, and northern Mexico.  This species is able to survive in different 
salinities at different ages (Suchy 2007).  Spawning is known to occur in salinities ≤ 7 ppt 
(Ross 2001; A. Ferrara Nicholls State University, personal communication).  Some 
alligator gar individuals are thought to use backwater habitats and tributaries to larger 
rivers as nurseries (where salinity is near 0 ppt), and may remain in these habitats until
they increase in size (Ferrara 2001).  Robertson et al. (2008) collected alligator gar 
individuals ranging from 409 to 810 mm in oxbow lakes along the middle Brazos River, 
located in east central Texas.  DiBenedetto (2009) collected alligator gar individuals 
ranging from 2 – 15 years-old and 665 – 2120 mm from the lower Terrebonne estuary.  
Salinity concentrations in this estuary range from 10 to 32 ppt.  Therefore, as alligator gar 
individuals increase in age and size, presumably they are able to tolerate greater salinity
concentrations and enter brackish water and eventually seawater.
An increase in age and body size of fish results in a reduction in metabolic rate 
(Gillooly et al 2001).  Further, the energetic costs associated with osmo- and 




















energy required for alligator gar to survive in different salinities has yet to be determined, 
although presumably it would change with increases in body size.  Amount of energy
dedicated to osmoregulation has been reported as 20-50% of total energy budget of the
fish; however, recent studies show it can be as low as 10% (Boeuf and Payan 2001).  One
way to quantify these energetic costs is to measure respiration (Cech 1990). The
difficulty in measuring respiration in alligator gar, is that they are bimodal breathers, 
acquiring oxygen from the water and air.  The alligator gar has a physostomous swim
bladder enabling it to gulp air at the water’s surface and transfer the air to its swim 
bladder through a pneumatic duct.  This duct connects the dorsal area of the esophagus to 
the swim bladder (Potter 1925, 1927).  Graham (1997) describes alligator gar as a 
facultative air breather, meaning it does not require oxygen from the air.  However, Rahn 
(1971) indicates that gar Lepisosteus spp. are facultative air breathers at low temperatures 
but become obligate air breathers when oxygen uptake increases at high temperatures.  
Whether the alligator gar is a facultative or obligate air breather at different temperatures 
has yet to be determined conclusively.
During respiration, oxygen is used for aerobic conversion of energy from food to 
high-energy chemical bonds such as adenosine triphosphate (ATP; Eckert and Randall
1983).  ATP is used by numerous body processes, including the enzyme Na+, K+ –ATPase
during ion exchange.  If there is an increase in ion exchange ATP will be used at a greater 
rate.  When this occurs, more oxygen will be removed from the ambient water to 
compensate for the increase in enzyme activity.  If environmental conditions (i.e.,
temperature or salinity) change, respiration and metabolic rates will change to 





















measurements of respiration can describe the physiological state of the fish in a particular 
salinity environment, providing that other conditions (i.e., activity) are held constant.
The objective of this experiment was to determine effect of salinity on oxygen 
consumption rate in two different ages (117 and 383 days after hatch [DAH]) of alligator
gar at four different salinities (0, 8, 16 and 24 ppt). These salinities were chosen to 
represent fresh and brackish water environments that the alligator gar may inhabit.  These
two ages of fish were chosen to determine if an increase of size and age will change the 
effect that salinity has on oxygen consumption rate.  I predicted that oxygen consumption 
rate would increase in fish in greater salinities and that this increase would be greater in 
the 117 DAH fish.  The energetic costs associated with osmoregulation would be greater 
in the fish with smaller sizes and in greater salinities.
Methods
Fish acquisition, holding and salinity acclimation
The alligator gar used for this experiment were provided by the U.S. Fish and 
Wildlife Service (USFWS) Private John Allen National Fish Hatchery in Tupelo, MS, 
USA. These fish were progeny of wild-caught broodstock from St. Catherine Creek 
National Wildlife Refuge near Natchez, MS, USA.  2,000 15 DAH, (approximately 25 
mm) were transported to the South Farm Aquaculture Facility at Mississippi State
University, Starkville, MS, USA.  The fish were maintained in four rectangular, aerated, 
insulated tanks (600 L 208 x 56 x 56 cm) in flow-through well water at 24°C prior to 
experiments and fed in excess a formulated diet (45% protein, 16% lipids and 39%
carbohydrates; Silver Cup Trout Diet; Nelson & Sons, Inc., Murray, UT, USA) using belt





















When the fish reached 60 DAH and 330 DAH, a subset (n=320) was acclimated 
at a rate of 4 ppt day-1 to four different treatment salinities (0, 8, 16 and 24 ppt).  There
were four replicate tanks (340-L round polyethylene tank [99 cm x 51 cm]).  Each tank 
was covered with 0.64 cm plastic mesh attached to a circular ring of 0.64 cm steel wire 
and secured to the tank with a bungee cord.  The tanks were placed in three concrete
raceways (73.15x1.8x1 m) that functioned as water baths maintaining all tanks at the
same temperature (25 ± 0.44 °C) via flow-through well water.  Each tank was filled with 
well-water (267 L), adjusted for salinity with artificial sea salt at an increment of 4 
ppt/day (Instant Ocean, Aquarium Systems Inc, Blacksburg, VA, USA), and equipped 
with a magnetic water pump (MD3, Aquatic Ecosystems Inc, Apopka, FL, USA) and a
mechanical/biological filter (J319 Red Sea, Houston, Texas, USA) for maintaining
desired water quality.  
Dissolved oxygen, salinity, pH, temperature, total ammonia (TAN) and unionized 
ammonia (NH3) were measured three times weekly with a dissolved oxygen meter (YSI
550A, YSI Inc., Yellow Springs, Ohio, USA) a refractometer (SR5, Aquatic Ecosystems 
Inc., Apopka, FL, USA), a pH meter (YSI pH 10, YSI Inc., Yellow Springs, Ohio, USA), 
and a colorimeter (DR/550, Hach Co., Loveland Colorado, USA).  If water quality was 
diminished (total ammonia > 2.00 ppm, 6.5 < pH < 8.5) the tanks were given a 50%
water change.  Water quality data are shown in Table 1.  All fish were maintained on a
simulated-natural photoperiod (from 14 hours light (L) and 10 hours of dark (D) to 11 L
and 13 D at 33° 27’ 1” N / 88° 49’ 5” W).  Before each oxygen consumption rate trial, 
the partial pressure of oxygen, temperature, barometric pressure and salinity were










    









   
barometer (1870 Digital Barometer Module, Control Co., Friendswood, TX, USA) and a
refractometer (SR5, Aquatic Ecosystems Inc., Apopka, FL, USA).    
During the salinity acclimation period, 60 DAH fish were hand fed 5% of their 
total wet body weight daily, divided equally into three feedings (0800, 1200, and 1600 
hours) using a floating pellet diet (45% protein, 16% lipids and 39% carbohydrates; 
Silver Cup Trout Diet; Nelson & Sons, Inc., Murray, UT, USA).  Composition is similar
to that used by Suchy (2007). During the second salinity acclimation period fish (330 
DAH) were fed in excess by hand once a day.  Food was withheld for at least 24 hours 
before oxygen consumption rates were measured.
Oxygen Consumption Rate
Oxygen consumption rates of individual alligator gar (n=12; 117 DAH; 123.90 ± 
3.83 g) were measured after fish were acclimated for 57 days to 0, 8, and 16 ppt.  Only 11 
fish were used in the 8 ppt treatment due to a loss of fish from cannibalism.  The fish in 
the 24 ppt treatment were not used because none of the fish survived after 57 days in that 
salinity.  The aerobic metabolic rates were determined by measuring oxygen consumption 
according to Brett and Grove (1979) and Cech (1990).  In this experiment, oxygen 
consumption was measured using a 6.7 L (17.46 x 11.11 x 34.92 cm) acrylic intermittent-
flow respirometer (Loligo Systems, Tjele, Denmark).  The respirometer was placed into 
the 340-L (99 cm x 51 cm) polyethylene tanks that were used for salinity acclimation.  
A pilot experiment was run to determine amount of time required for an 
individual fish to acclimate to the respirometer.  For the pilot experiment, fish were
individually placed in the respirometer (n=6) at 0 ppt salinity and their oxygen 















   
  
   
  
 
   
remain in the respirometer until their oxygen consumption rates become constant.  
During the measurement period the system was a closed system and oxygen content 
decreased at a linear rate for a period of 400 seconds.  Then the system became open to 
the ambient water and oxygen content increased.  In this pilot experiment, three of the
fish did not survive after being in the respirometer for > 45 minutes.  After being placed 
into the respirometer, the fish would swim from end to end of the respirometer for
approximately 60 seconds.  After this initial activity, they would rest on the bottom of the
respirometer.  Occasionally they would swim again for approximately 20 seconds during
the trial.  Presumably, because these fish are partial air breathers they were not able to 
survive without access to air at 24-27°C for > 45 min.  The three fish that did survive
appeared to be stressed due to their limited movements after being released from the
respirometer.  Therefore, fish were given a 600 second acclimation time in the 
respirometer, where they were able to access air.  After this period, the lid was fastened 
to the respirometer, the respirometer was submerged, and the oxygen consumption rate 
trials began.  The fish were submerged in the respirometer for 35 min.  Fish would move 
slightly from submerging the respirometer, but did not show the rapid movements 
observed during the pilot study.  
The respirometer had a recirculating pump to provide flow and a flushing pump 
that could replace the water inside the respirometer with surrounding ambient water.  
While the fish was in its acclimation period, only the flushing pump was active.  After the 
acclimation period was over, the flushing pump remained on for an additional 300 
seconds.  When the oxygen consumption rate was measured, the flushing pump was
turned off and the recirculating pump was active, essentially turning the open system into 









    
  
 
                                              
     
 
 
    
 




400 seconds. After 200 seconds, the tail beat frequency was recorded by direct 
observations for 30 seconds to measure the individual’s activity.  After 700 seconds the
respirometer became an open system to the surrounding ambient water and the process 
was repeated two additional times for a total of three measures of oxygen consumption 
rate.  From these data the mean oxygen consumption rate was calculated.  This entire
process was run by using a remote computer software controlled system (Auto Response 
DAQ-PAC-F1 package system, Loligo Systems, Tjele, Denmark).  For each 
measurement period the difference between the final and initial dissolved oxygen 
concentrations were used to calculate the oxygen consumption rate according to the 
following equation (Cech 1990):
MO2 = ([O2]t0 – [O2]t1) • V/(t • BW) (2)
Oxygen consumption rates of individual fish were also determined for a second 
age group of alligator gar (383 DAH; 260.73 ± 18.56 g).  There were 11 fish from 0 ppt
and 8 fish from 8 ppt salinity treatments.  The different sample numbers were due to 
escapement of fish from treatment tanks into surrounding raceways, which functioned as 
temperature-controlled water baths.  None of the fish from the 16 and 24 ppt salinity
treatments survived after 31 days.  The respirometer that was used for these experiments 
was a 25 L (57.15 x 27.30 x 15.24 cm) acrylic intermittent-flow respirometer.  Fish were
acclimated to salinities for 53 days.  Time allotted for oxygen consumption 
measurements was the same as for the 117 DAH fish.where, MO2 = oxygen consumption 
-1 -1 rate (mg O2 g hour ), [O2]t0 = oxygen concentration at time t0 (mg O2/liter), [O2]t1 = 
oxygen concentration at time t1 (mg O2/liter), V = respirometer volume minus volume of




















   
 
Statistical Analyses
Oxygen consumption rates were based on a mean individual fish oxygen 
consumption rate for each treatment.  Mean fish wet weights did not differ between 
treatments.  However fish within each treatment did not have the same weights.  
Therefore, an analysis of covariance (ANCOVA) was used to determine if oxygen 
consumption rates differed significantly among treatments using body weight as a
covariate using SAS version 9.2 (SAS Institute, Cary, NC).  A Shapiro-Wilk test was 
performed to determine if the population was normally distributed and a Brown-
Forsythe-Levene test was performed to test for homogeneity of variances.  The
acceptable level for all type-I errors was set at P < 0.05. If significance was indicated a
Least Squared Means (LSMEANS) multiple comparison test was used, due to an 




Mean oxygen consumption rates of 117 and 383 DAH fish were affected 
significantly affected by fish wet weights (ANCOVA: F1-2, 7-11 ≥ 10.42, P ≤ 0.006; 
Figures 1 and 2).  Mean oxygen consumption rates of the 117 and 383 DAH fish did not
differ significantly among salinities (ANCOVA: F1-2, 7-11 ≤ 4.02, P ≥ 0.063).  Interaction 
between fish wet weight and salinity had a significant effect on oxygen consumption 
rates in the 117 DAH fish (ANOVA: F2, 10-11 = 3.40, P = 0.047); however, there was no 







   















Although the alligator gar is known to be euryhaline, exposure to moderate
salinities increased oxygen consumption rates.  Isotonic salinity environments, where salt
gradients between blood and the ambient water are near zero, have long been 
hypothesized to produce lesser energetic costs in fish (Beouf and Payan 2001).  For most
freshwater teleosts the internal salt concentrations are approximately one-fourth to one-
third that of seawater.  When salinities increase above internal osmolality, studies show 
an increase in oxygen consumption rate caused by increased salinity (Rao 1968; Farmer 
and Beamish 1969; Febry and Lutz 1987).  Bushnell and Brill (1992) have shown that 
osmoregulation accounts for as much as 54-68% of non-swimming oxygen consumption 
in two species of tunas. However, results of some studies conflict with these findings, 
alternatively showing that increased salinities do not always increase oxygen 
consumption rates in some fishes (Morgan and Iwama 1991; 1998; Allen and Cech 
2007).  These investigators indicated that the energetic costs of osmoregulation were
either small or oxygen consumption was not an adequate measure of energetic costs
related to osmoregulation.  Therefore, amount of energy dedicated to osmoregulation 
may vary greatly between species.  According to results of this experiment, salinity does 
not affect oxygen consumption rates of alligator gar.  However there was an effect on
interaction between fish wet weight and salinity in the 117 DAH fish, meaning that as 
these fish increase in size, cost of osmoregulation may actually increase.  This supported 
by the low survival in increased salinities for extended periods of time (> 60 days; 24 ppt 
for 60 DAH and 16 and 24 ppt for 330 DAH; Ch. 1.).
Body size is a major factor influencing metabolic rates (Gillooly et al 2001).  In 





   











and 16 ppt when body weight was factored into the analysis.  Beamish (1964) showed 
that an increase in body weight will increase total oxygen consumption for brook trout at 
15°C.  This is caused by the larger fish having greater metabolic demands due to more
tissue mass.  However, when oxygen consumption rates are adjusted for body weight, 
smaller fish generally have greater oxygen consumption rates (Cech 1990).  This 
relationship was observed during the 117 and 383 DAH experiments.  Further, fish at 117 
DAH showed a decrease in oxygen consumption at larger sizes, but rate of decrease was 
greater for fish in 0 ppt.  Therefore, it was expected that metabolic costs associated with 
salinity would be different in the 383 DAH fish, and that the fresh water fish would have
lesser oxygen consumption rates than fish in greater salinities.  This was not observed in 
the 383 DAH fish.  There was no difference in oxygen consumption rates between 
salinity treatments.  However the fact that these fish were unable to survive in 16 and 24 
ppt for greater than 30 days indicates that salinity did pose a significant physiological 
challenge to these fish, even if it was not reflected by the oxygen consumption rates.
Gar are bimodal breathers, using gills and the swim bladder to acquire oxygen.  
Degree of reliance on aerial respiration is not known for most gars, including alligator 
gar.  Smatresk and Cameron (1982) found that 42 percent of the spotted gar Lepisosteus 
oculatus metabolic rate is derived from their swim bladder in normoxic conditions, at 
20°C.  Further, they found that, when in hypoxic and hyperoxic water their gill 
ventilation decreased and aerial respiration increased.  The increase in aerial respiration is 
related to the fact that oxygen content in the air is greater than the oxygen content in the 
water and therefore, diffusion of oxygen into the blood would occur at a greater rate in 
the swim bladder than in the gills. The same effect occurred when gar were placed in 















branchial ion influx and efflux rates.  Farmer and Jackson (1998) also found that spotted 
gar increase amount of oxygen obtained from aerial respiration from 0-3 to 25-81 percent 
when exercised.  This illustrates that this species has the ability to change the mechanism
for which it obtains oxygen when stimulated by an external stressor.  Perhaps the
alligator gar has the same ability. 
In the pilot experiment, half of the fish were unable to survive over 45 minutes 
without access to air.  Therefore, under these conditions (24-27 °C), this suggests that the 
alligator gar is an obligate air breather.  A key factor influencing reliance on aerial 
respiration is likely temperature, which has a direct relationship with metabolic rate in 
ectotherms, such as teleost fish (Clarke and Johnston 1999) and also decreases available 
content of oxygen in water.  Saksena (1975; 1975b) found that an increase in temperature
increased the aerial respiration in  the longnose gar Lepisosteus osseus and shortnose gar 
Lepisosteus platostomus.  Roth (1973) also found that an increase in temperature
increased the aerial respiration in the spotted gar.   Presumably, alligator gar would have
the same relationship between temperature and aerial respiration as the longnose,
shortnose and spotted gars.  The findings of this study may have been different if  fish 
were in decreased temperatures with correspondingly decreased metabolic rates and 
perhaps a diminished reliance on aerial respiration.  This idea should be investigated in 









































































































































































































































































































































































































































































































































































































































































































































Figure 3 Effect of fish weight on the oxygen consumption rate (MO2) by salinity
treatment of 117 days after hatch (DAH) alligator gar (Atractosteus 
spatula) at the South Farm Aquaculture Facility at Mississippi State
University, Starkville, MS, USA in 2010.  The slope of the 0 ppt line (y=-
0.515x + 164.04; R2=0.5884; n=12) is significantly less than the slope of 
the 8 ppt (y=-0.225 + 133.57; R2=0.6871; n=11) and 16 ppt (y=-0.178x +













Figure 4 Effect of fish weight on the oxygen consumption rate (MO2) by salinity
treatment of 383 days after hatch (DAH) alligator gar (Atractosteus 
spatula) at the South Farm Aquaculture Facility at Mississippi State
University, Starkville, MS, USA in 2010.  The slope of the 0 ppt line (y=-
0.069x + 112.43; R2=0.1469; n=11) is not significantly different than the





















EFFECTS OF SALINITY ON OSMOREGULATION IN TWO AGE GROUPS OF
ALLIGATOR GAR
Introduction
The alligator gar Atractosteus spatula is a euryhaline species with adults found in 
salinities ranging from freshwater (0 ppt) to full-strength sea water (~35 ppt) in the Gulf
of Mexico.  Spawning is known to occur in salinities ≤ 7 ppt (Ross 2001; A. Ferrara, 
Nicholls State University, personal communication).  Because this species of fish can 
survive in different salinities it is important to determine how it is able to regulate ions to 
maintain osmotic homeostasis.  This information is valuable for providing a baseline of 
information about this little-known species and directing conservation and management 
efforts related to habitat requirements.  Further, an understanding of how regulatory
capabilities change with body size is important to predict when it is capable of moving
into saline environments.
Ionic and osmotic regulation is achieved by the gills, intestine, and kidney in 
teleost fishes (Evans et al. 2005).  The gills are the major sites of ionic and osmotic
regulation in part because they contain chloride cells (Evans et al. 2005).  Chloride cells 
are known to extrude chloride passively via an electrochemical gradient facilitated by
ionic pumps that are located at the basolateral membrane and have high Na+, K+ –ATPase
activity (Foskett and Scheffey 1982).  Density of chloride cells increases when fish are





















   
 
 
salinity environments (Hwang et al. 1989), although these changes may be species-
specific.
When teleost fish enter a hyperosmotic environment their internal concentration 
of ions is less than their surrounding environment; thus, due to diffusion, they tend to lose 
water and gain monovalent ions.  To replace water loss these fish must constantly drink 
or ingest surrounding water.  However, this results in an even greater intake of salts.  The
salts must be excreted at a greater rate than ingested, requiring active transport.  The Na+, 
K+ –ATPase system uses ATP to actively transport Na+ out of the chloride cell in 
exchange for K+ (Karnaky 1986).  ATP is hydrolyzed, leading to phosphorylation of the 
ion pump.  This releases 3 intracellular Na+ ions into extracellular fluid and binds 2 
extracellular K+ ions that are then transported into the cell through dephosphorylation 
(Gadsby et al. 1993).  This enzyme activity maintains a high Na+ gradient, with a high 
Na+ concentration in the tubules and a low Na+ concentration in the cytoplasm (Silva et 
al. 1977b).  This gradient drives the linked Na+-K+-2Cl - carrier system, which increases 
the cytoplasmic Cl - concentration (Silva et al. 1977b). The increase in Cl - concentration 
increases the cell’s electronegativity, to the extent that Cl - ions follow the electrochemical 
gradient, by passively moving out of the cell through the apical pit and into the
surrounding water.  With an increase in environmental salinity, greater salt pumping
activity is required; accordingly Utida and Hirano (1973) have shown that Na+ –K+ – 
ATPase concentrations and number of chloride cells increase in gill preparations of the
Japanese eel Anguilla japonica.
Plasma osmolality, the measure of total solutes in the plasma, is a good indicator 
of osmoregulatory capability.  For marine teleosts, plasma osmolality ranges from 370-

























(Jobling 1995; Sampaio and Bianchini 2002).  When plasma osmolality increases or 
decreases beyond the normal range for a given species, the fish presumably is having
difficulty in maintaining osmotic homeostasis.  
In addition to osmolality, ion measurements are also important for understanding
osmoregulatory capabilities.  Ion concentrations are important for understanding body
fluid regulation and the handling of different solutes, particularly Na+ and Cl+. Teleosts 
adapted to fresh water typically have plasma Na+ content between 110 and 130 mmoles 
L-l whereas those adapted to seawater usually have plasma Na+ content between 150 and 
180 mmoles L-1 (Holmes and Donaldson 1969).  Thus, if the alligator gar’s plasma Na+ 
level falls within the latter range, it can be suggested that it has the osmoregulatory
mechanisms to regulate this ion in hyperosmotic salinities.  Besides Na+, there are many
other ions that are required for maintaining homeostasis within the tissues and body
-3 -2 fluids, such as K+, Mg+, Ca+, F-, Br-, PO4 and SO4 . Each of these ions has importance
and can be used to provide inference about the physiological state of the fish.  Therefore, 
measurements of the plasma osmolality and ion concentrations of alligator gar 
individuals exposed to different salinities will help to determine if they have the 
osmoregulatory capabilities to maintain osmotic homeostasis.  Further, because so little
information currently exists, these results will be important for establishing a baseline of 
information on this species.   
Salinity tolerance has been related to size for fish species such as striped mullet 
Mugil cephalus (Nordie et al. 1982), juvenile salmonids (Parry 1961; Farmer et al. 1978)
and primitive bony fishes such as juvenile sturgeons (Altinok et al. 1998; Allen and Cech 
2007).  Therefore, it is important to understand if this same relationship exists for



















Therefore, the objective of these experiments were to determine  effect of salinity
on ionic and osmoregulatory abilities (plasma osmolality and plasma ion concentrations 
-3 -2 of Na+, K+, Mg+, Ca+, F-, Cl -, Br -, PO4 and SO4 , gill, kidney, esophagus and gut Na+, 
K+-ATPase activities and drinking rate) of two different ages (60 and 330 DAH) of 
alligator gar individuals at four different salinities (0, 8, 16 and 24 ppt).  These salinities 
were chosen to represent fresh and brackish water environments that the alligator gar is 
believed to inhabit.  These two ages of fish were chosen to determine if an increase of 
size and age will change the effect that salinity has on their ionic and osmoregulatory
abilities.  It was predicted that both age groups of fish would have increased Na+, K+-
ATPase activities and drinking rates in greater salinities.  It was also predicted that the 
330 DAH fish would have a greater ability to regulate their internal ion concentrations 
and therefore show less of a difference in plasma osmolality and ion concentrations 
between salinities than the 60 DAH fish. 
Methods
Fish acquisition, holding and salinity acclimation
The alligator gar used for this experiment were provided by the U.S. Fish and 
Wildlife Service (USFWS) Private John Allen National Fish Hatchery in Tupelo, MS, 
USA. These fish were progeny of wild-caught broodstock from St. Catherine Creek 
National Wildlife Refuge near Natchez, MS, USA.  2,000 15 DAH, (approximately 25 
mm) were transported to the South Farm Aquaculture Facility at Mississippi State
University, Starkville, MS, USA.  Fish were maintained in four rectangular, aerated, 
insulated tanks (600 L 208 x 56 x 56 cm) in flow-through well water at 24°C prior to 













   
   
  
  




carbohydrates; Silver Cup Trout Diet; Nelson & Sons, Inc., Murray, UT, USA) using belt
feeders and hand feedings three times a day.  
When the fish reached 60 DAH and 330 DAH, a subset (n=320) was acclimated 
at a rate of 4 ppt day-1 to four different treatment salinities (0, 8, 16 and 24 ppt).  There
were four replicate tanks (340-L round polyethylene tank [99 cm x 51 cm]).  Each tank 
was covered with 0.64 cm plastic mesh attached to a circular ring of 0.64 cm steel wire
and secured to the tank with a bungee cord.  The tanks were placed in three concrete
raceways (73.15x1.8x1 m) that functioned as water baths maintaining all tanks at the
same temperature (25 ± 0.44 °C) via flow-through well water.  Each tank was filled with 
well-water (267 L), adjusted for salinity with artificial sea salt at an increment of 4 
ppt/day (Instant Ocean, Aquarium Systems Inc, Blacksburg, VA, USA), and equipped 
with a magnetic water pump (MD3, Aquatic Ecosystems Inc, Apopka, FL, USA) and a
mechanical/biological filter (J319 Red Sea, Houston, Texas, USA) for maintaining
desired water quality (total ammonia > 2.00 ppm, 6.5 < pH < 8.5).
Dissolved oxygen, salinity, pH, temperature, total ammonia (TAN) and unionized 
ammonia (NH3) were measured three times weekly with a dissolved oxygen meter (YSI
550A, YSI Inc., Yellow Springs, Ohio, USA) a refractometer (SR5, Aquatic Ecosystems 
Inc., Apopka, FL, USA), a pH meter (YSI pH 10, YSI Inc., Yellow Springs, Ohio, USA), 
and a colorimeter (DR/550, Hach Co., Loveland Colorado, USA).  If water quality was 
diminished (total ammonia > 2.00 ppm, 6.5 < pH < 8.5) the tanks were given a 50%
water change.  Water quality data are shown in Table 1.  All fish were maintained on a
simulated-natural photoperiod (from 14 hours light (L) and 10 hours of dark (D) to 11 L





   
 
     
   
 
 
   
  
   
  
  




    
   
 
During the first salinity acclimation period, fish (60 DAH) were hand fed 5% of 
their total wet body weight daily, divided equally into three feedings (0800, 1200, and 
1600 hours) using a floating pellet diet (45% protein, 16% lipids and 39% carbohydrates; 
Silver Cup Trout Diet; Nelson & Sons, Inc., Murray, UT, USA).  The composition is 
similar to that used by Suchy (2007). During the second salinity acclimation period fish 
(330 DAH) were fed in excess by hand once a day
Osmoregulation
After 30 days of acclimation to treatment salinities, a subset of individuals (n=12, 
60 DAH; n=2-12, 330 DAH) from each salinity treatment were overdosed in 500 mg L-1 
MS-222 at their treatment salinity, weighed, measured, and blood, gill, esophagus, 
kidney, pyloric caeca, middle and posterior intestine samples were collected.  Blood 
samples were taken from the caudal vasculature using a 1 ml heparinized syringe and 23 
gauge hypodermic needle.  The blood was then transferred to a 2 ml plastic vial, capped, 
agitated by hand and a hematocrit sample was taken using a heparinized microhematocrit 
tube similar to Allen and Cech (2007).  The microhematocrit tubes were then centrifuged 
for 5 minutes at 10,000xg at room temp and the hematocrit was measured. Remaining
blood in the 5 ml plastic tube was then centrifuged at 5,000xg at 4°C for 3 min.  The
plasma was collected, placed in cryovials, snap-frozen in liquid nitrogen and stored at -
80°C for subsequent analyses.  
The plasma was measured for osmolality using a Vapor Pressure Osmometer
(5500, Wescor, Logan, Utah, USA).  Concentrations of Na+, K+, Mg2+, Ca2+, Cl-, Br -, 
-3 -2 PO4 , SO4 , Fl - and were determined using an ion chromatography system (DX500, 














   
 
    
  
   
 
   
  
Each tissue sample was placed into a plastic 2 ml screw cap vial containing 400 
µL of buffer containing 150 mM sucrose, 10 mM ethylenediaminetetraacetic acid, and 50 
mM imidazole similar to McCormick (1993).  Tissue samples were then frozen in liquid 
nitrogen and stored at -80°C.  To determine muscle moisture content, muscle samples 
were excised from the epaxial musculature in front of the dorsal fin.  They were then 
placed on pre-weighed aluminum foil, dried at 80°C in a drying oven (Fisher Scientific, 
Pittsburgh, PA, USA) until a constant weight was measured (7 days), placed in a 
desiccator to cool and re-weighed to determine percentage muscle moisture similar to 
Allen and Cech (2007).  
Na+, K+-ATPase activities were determined for the 2nd gill arch and all other gill 
arches because of the known interface of the 2nd gill arch for ion regulation (Richards et 
al. 2003).  Na+, K+-ATPase activities were also determined for kidney, esophagus, 
pyloric caeca, middle and posterior intestine because of their known involvement in ionic 
and osmotic regulation.  Na+, K+-ATPase activities were determined by using a kinetic
assay according to McCormick (1993) and Allen et al. (2009) using a SpectraMax M5 
microplate reader (Molecular Devices LLC, Sunnyvale, California, USA).
Drinking Rate
Drinking rate was determined in 85 DAH and 300 DAH fish by measuring uptake
of tracer (51Cr-EDTA) in the gastrointestinal tract (GIT) for 7 hours similar to Carrick 
and Balment (1983) and Hazon et al. (1989).  For the 300 DAH fish, a subsample of 8
fish per treatment, except for the 24 ppt treatment, were transferred from acclimation 
tanks to separate 326-L recirculating tanks (62.23 x 72.39 x 72.39 cm) at the same









   
 
   
   
 
   
    





    
 
   
   
  
were used for the 300 DAH drinking rate experiment were used previously in the 117 
DAH metabolic rate experiments (Ch. 3).  Individual fish were placed into 11.4 L pre-
rinsed plastic containers (36.83 x 22.86 x 12.70 cm) containing 4 L of water at the same
salinity as the 326-L holding tanks.  Fish were placed into containers 5 minutes prior to 
adding the tracer.  The tracer was added to containers for a final concentration of 0.77 
MBq/L.  Three 1- ml water samples were collected using a 5- ml pipette after 10 minutes 
and after 7 hours.  The water samples were then stored in plastic test tubes (1.19 x 9.84 
cm) at approximately 3°C for 7 hours.  Immediately afterwards, fish were euthanized by
adding 500 mg L-1 MS-222,  water was then pumped out of  containers using a magnetic
water pump (MD3, Aquatic Ecosystems Inc, Apopka, FL, USA) and the container was 
filled with tap water to rinse  excess 51Cr off the fish.  Water was again pumped out of the 
container and fish was removed and weighed.  Individuals were blotted dry and blood 
samples were removed via the caudal vasculature using a 1 ml heparinized syringe and 23 
gauge hypodermic needle and placed into a plastic test tube. An incision was made along
the ventral surface using a scalpel and scissors to expose the gastrointestinal tract (GIT).  
To retain fluid within the GIT, the GIT was ligated with suture silk and forceps near the
anterior portion of the esophagus and the rectum, and then removed from the fish.  The
GIT was then placed into a test tube.  Liver samples were also excised from the fish and 
placed into a test tube. Blood, liver, GIT, and initial and final water samples were placed 
in a gamma counter (Packard Cobra Model 5002, Packard Instrument Co. Meriden, 
Connecticut, USA) and total counts per minute (cpm) were measured for 120 seconds.  
The blood and liver were collected to verify that the 51Cr was confined to the GIT.  Initial 



















   
 
51Cr.  Drinking rate was then calculated from the cpm from the GIT using the following
equation (Carrick and Balment 1983; Hazon et al. 1989):
-1 -1 Drinking rate (ml kg hr ) = C / (M T) (3)
-1 -1 where, C = total counts in the GIT (cpm kg fish), M = counts per milliliter (cpm ml ) in 
the bathing medium, and T = time in bathing medium (7 hrs).
Because drinking rate was not determined for the first cohort of 60 DAH fish, a
second cohort of fish was obtained from the Warm Springs National Fish Hatchery in 
Warm Springs, GA, USA. The broodstock used for spawning these experimental F1 
progeny were collected from the same area as those used to provide fish for other 
measurements (St. Catherine Creek Wildlife Refuge in Natchez, MS, USA) but were
different individuals.  When these fish were 64 DAH they were transported to the South 
Farm Aquaculture Facility at Mississippi State University, Starkville, M.S, USA.  The
alligator gar (69 DAH) were placed in four 340 L polyethylene tanks (12 fish/tank).  
Salinity of each tank was increased by increments of 4 ppt per day to reach the desired 
salinity (0, 8, 16, and 24 ppt).  Fish remained in the treatment salinity for 14 days.  At 83 
DAH the drinking rates were then determined using the same protocol as described 
previously, except that the experimental containers had 3 L of treatment water, although 
the concentration of the tracer was the same. 
Statistical Analyses
Mean Na+, K+-ATPase activities, plasma osmolality, plasma ion concentrations, 
% hematocrit, % muscle moisture and drinking rates for each treatment salinity were
analyzed by a one-way analysis of variance (ANOVA) using SAS version 9.2 (SAS 











    
 
   
   
   
   
 
  
    
 
   
was normally distributed and a Brown-Forsythe-Levene test was performed to test for
homogeneity of variances.  The acceptable level for all type-I errors was set at P < 0.05. 
If significance was indicated, then the Least Squared Means (LSMEANS) multiple 
comparison test was used to determine where significant differences between treatments 
existed.  The Least Squared Means method was used because there were an unbalanced 
number of samples in each treatment.  This was due to a loss of fish in the 16 and 24 ppt 




For the 60 DAH fish the mean Na+, K+-ATPase activities in the 2nd gill arch, all
other (1st, 3rd, and 4th) gill arches combined, kidney, esophagus, pyloric caeca, middle and 
posterior intestine showed no significant difference among salinity (one-way ANOVA: 
F3, 7-11 = ≤ 1.58, P ≥ 0.209; Table 2).  For the 330 DAH fish the mean Na+, K+-ATPase
activities in the esophagus did  not differ significantly  among salinity treatments (one-
way ANOVA: F3, 5-8 = 0.30, P = 0.828; Figure 1B).  The mean Na+, K+-ATPase activities 
nd rd thin the 0 ppt salinity treatment in the 2 and 1st, 3 , and 4 gill arches combined were
significantly greater than the 16 ppt salinity treatment (one-way ANOVA: F3, 2-9 = ≥ 4.65, 
P ≤ 0.001; Figure 1A).  Mean Na+, K+-ATPase activities in the 24 ppt salinity treatment 
in the middle intestine did not differ significantly  among salinities (one-way ANOVA: 
F3, 4-10 = 1.01, P = 0.403; Figure 1C). Mean Na+, K+-ATPase activities in the 16 and 24 
ppt salinity treatments in the posterior intestine were significantly greater than in the 0 
















   
   
   
   
  
 
    
  
   
   
Na+, K+-ATPase activities in the 16 and 24 ppt salinity treatments in the pyloric caeca
were significantly greater than in the 0 and 8 ppt salinity treatments (one-way ANOVA: 
F3, 4-8 = 6.50, P = 0.002; Figure 1C).
Plasma Osmolality and Ion Concentrations
Mean plasma osmolalities in the 60 DAH fish in the 8, 16 and 24 ppt salinity
treatments were significantly greater than the 0 ppt salinity treatment (one-way ANOVA: 
F3, 11 = 8.12, P < 0.001; Figure 2A).  For the 330 DAH fish,  mean plasma osmolalities in 
the 16 and 24 ppt salinity treatments were significantly greater than in the 0 and 8 ppt 
salinity treatments (one-way ANOVA: F3, 11 = 143.93, P < 0.001; Figure 2A) and  mean 
plasma osmolality in the 24 ppt salinity treatment was significantly greater than the 16 
ppt salinity treatment.
Regulation of plasma electrolytes showed a similar pattern to plasma osmolality.  
Plasma Na+ in the 60 DAH fish and was significantly greater in the 8 and 16 ppt salinity
treatments than in the 0 ppt treatment (one-way ANOVA: F3, 7-11 = 3.69, P = 0.021; 
Figure 2B).  In the 60 DAH fish, the plasma Cl - was significantly greater in the 8, 16 and 
24 ppt salinity treatments than in the 0 ppt salinity treatment (one-way ANOVA: F3, 8-11 = 
6.35, P = 0.001; Figure 2C).  In the 330 DAH fish,  plasma Na+ was significantly greater 
in the 24 ppt salinity treatments than in the 0, 8 and 16 ppt salinity treatments (one-way
ANOVA: F3, 5-10 = 62.76, P = <0.001; Figure 2B), and plasma Na+ was significantly
greater in the 16 ppt salinity treatment than in the 0 and 8 ppt salinity treatments (Figure
2B).  The same results were observed for the plasma Cl - concentrations (one-way





   
  
   
  
  
    














In the 60 DAH fish the Mg2+ was greater in the 16 and 24 ppt salinity treatments 
than in the 0 and 8 ppt salinity treatments (one-way ANOVA: F3, 7-11 = 12.42, P < 0.001; 
Table 3).  Plasma K+ and Ca2+ showed no significant differences in the 60 DAH nor in 
the 330 DAH fish among the different salinity treatments (one-way ANOVA: F3, 5-11 ≤ 
1.49, P ≥ 0.236; Table 3).  In the 60 DAH fish the plasma PO43- and F -, showed no 
significant differences between salinity treatments(one-way ANOVA: F3, 8-11 ≤ 1.20, P ≥ 
0.322), whereas  plasma SO42- and Br - were significantly greater in the 24 ppt salinity
treatment than the other treatments (one-way ANOVA: F3, 8-11 ≥ 6.21, P ≤ 0.002; Table 
2+ 3- 2-3).  However, in the 330 DAH fish the plasma Mg , PO4 , SO4 , F- and Br - all differed 
significantly among salinity treatments, and concentrations consistently were greater in 
the 16 and 24 ppt salinity treatments (one-way ANOVA: F3, 5-10 ≥ 3.02, P ≤ 0.044; Table 
3). 
Hematocrit
After the 30-day salinity acclimation,  mean hematocrit in the 60 DAH fish in the
0 ppt salinity treatment was significantly greater than the 8, 16, and 24 ppt salinity
treatments (one-way ANOVA: F3, 10-12 = 9.18, P < 0.001; Figure 3) and  mean hematocrit 
in the 8 ppt salinity treatment was significantly greater than the 16 and 24 ppt salinity
treatments. 
After the 30-day salinity acclimation,  mean hematocrit in the 330 DAH fish in 
the 0 ppt salinity treatment was significantly greater than the 8 and 16 ppt salinity
treatments. Mean hematocrit in the fish in the 8 ppt salinity treatment was significantly


















   
 
   
 
significantly greater than the 16 ppt treatment but did not differ significantly  from the 0 
and 8 ppt salinity treatments (one-way ANOVA: F3, 5-9 = 15.55, P < 0.001; Figure 3).
Percent Muscle Moisture
After the 30-day salinity acclimation,  mean percentage muscle moisture in the 60 
DAH fish did not differ significantly among salinity treatments (one-way ANOVA: F3, 11 
= 1.12, P = 0.357; Figure 4). Mean percentage muscle moisture in the 330 DAH fish in 
the 24 ppt salinity treatment was significantly greater than the 8 ppt salinity treatment. 
Mean percentage muscle moisture of the 330 DAH fish did not differ significantly
between the 0, 8 and 16 ppt as well as the 0, 16, and 24 ppt salinity treatments but was 
significantly greater in the 24 ppt than the 8 ppt salinity (one-way ANOVA: F3, 5-10 = 
3.78, P = 0.02; Figure 4).
Drinking Rate
For the 85 DAH fish (24.66 ±1.28 g) mean drinking rate did not differ 
significantly between the 0 and 8 ppt treatment groups but was significantly greater in the
16 and 24 ppt salinity treatments (one-way ANOVA: F3, 7 = 24.00, P < 0.001; Figure 5). 
Mean drinking rate at 24 ppt was significantly greater than at 16 ppt.  Mean drinking rate 
of 300 DAH fish (212.52 ±14.08 g) was significantly greater at 16 ppt than at 0 and 8 ppt 
(one-way ANOVA: F3, 7 = 6.94, P = 0.005; Figure 5).
Discussion
In teleost fishes, osmoregulation occurs by transport of ions and water via gills, 
kidney, esophagus, pyloric caeca, and middle and posterior intestine (Aoki et al. 2003; 
Evans et al. 2005; 2008; Seidelin et al. 2000; Sundell et al. 2003; Veillette et al. 2005).  




     











   
 
 
replacing water lost through diffusion by ingesting surrounding water and actively
transporting ions out of the body via the gills, kidney and gut.  A primary mechanism for
this transportation is the Na+, K+-ATPase system, which facilitates ionic movement 
through ionic gradients created by Na+ and K+ pumping (Karnaky 1986).  In fishes, Na+, 
K+-ATPase activity typically increases in tissues such as the gills and the gut when fishes 
encounter hyperosmotic environments (McCormick 1995).  Therefore, in this study, it
was surprising that Na+, K+,-ATPase activity did not differ among salinity treatments in 
the 60 DAH fish.  A possible explanation is that the fish may have had initial increases in 
Na+, K+,-ATPase activities, but these activities decreased over time.  In support, plasma 
osmolality, most ions and muscle content (discussed below) did not differ between 
salinities indicating that fish appeared acclimated to the different salinities.  An 
alternative explanation is that the activities decreased over the 5 month period between 
when samples were taken and when they were measured even though samples were
stored at -80°C.
As fish increase in age and size their salinity tolerance, capacity to endure
continued subjection to a given salinity, usually increases (Altinok et al. 1998; Farmer et 
al. 1978; Nordie et al. 1982; Parry 1961).  Therefore it was predicted that the 330 DAH 
fish would have greater hypo-osmotic regulatory capabilities which would be reflected in 
the Na+, K+-ATPase activities.  Na+, K+-ATPase activities in the gut were greater in 330 
DAH fish exposed to increased salinity, presumably because  of increased drinking and  
active transport of ions to facilitate water absorption.  Similar results have been found for 
other primitive fishes (Allen et al. 2009).  Of greater importance was that the 330 DAH 

















Thus the 330 DAH fish presumably were unable to maintain osmotic homeostasis at 
these salinities.  
The plasma osmolality and ion concentration results illustrated that the 330 DAH 
fish were unable to maintain ionic homeostasis. Plasma osmolality of the 330 DAH fish 
increased in the 16 and 24 ppt salinity treatments (352 ±5 and 460 ±13 mOsm 
respectively).  According to Suchy (2007) when plasma osmolality in < 77 DAH alligator
gar individuals reaches a level around 500 mOsm mortality begins to occur.  Suchy
(2007) used an acclimation period of 1 ppt day-1 , and found that  rate of increase of 
plasma osmolality was decreased compared  to acutely-exposed fish.  Further, he found 
that mortality occurred when these alligator gar individuals were exposed to salinities ≥ 
24 ppt. In contrast, in this study, the 60 DAH fish were able to maintain ionic and 
osmotic homeostasis at 24 ppt for a 57 day period whereas the 330 DAH fish were not. 
In this study the plasma ion concentrations showed a general pattern of increase
with increasing environmental salinity in the 330 DAH fish.  Surprisingly the 60 DAH 
fish showed a greater ability to regulate ions than did the 330 DAH fish.  Because adult
alligator gar spawn in the floodplains of large river systems during periods of high flow
(Ferrara 2001; Robertson et al. 2008) the progeny are susceptible to being flushed out of 
the backwaters and into the main river channel if the water level recedes.  At a smaller 
size they may not be able to swim long distances out of brackish water environments.  
Therefore, having the ability to survive in increased salinities at young ages would be an 
advantageous adaption. 
Fish have the ability to regulate their hematocrit, the percentage of red blood cells 
in the blood, when exposed to environmental stressors (Riggs 1970).  This ability is 
























affinity of the red blood cells, and also decreases the oxygen content of the water.  In this 
study, percentage hematocrit decreased with increasing salinity in 60 and 330 DAH fish, 
except for the 330 DAH fish in the 24 ppt salinity.  This is the opposite effect that salinity
usually has on euryhaline fish.  In sturgeon, for example, Martinez-Alvares et al. (2002)
showed that percentage hematocrit increased with increased salinity.  The fact that the
fish did not have an increase in percentage hematocrit may be related to their ability to 
obtain oxygen through aerial respiration.  This also may be related to water loss; 
however, the 60 DAH fish did not show differences in percentage muscle moisture. 
Interestingly, percentage muscle moisture of the 60 DAH fish did not differ
between salinity treatments.  This reinforces the conclusion that at this age the fish were
able to maintain osmotic homeostasis in salinity concentrations up to 24 ppt.  If this were
not the case, the water content in the muscle would decrease as salinity increases 
(Handeland et al. 1998).  This is caused by the water passively moving across permeable 
membranes out of the fish to equalize the osmotic gradient.  In the 330 DAH fish, 
percentage muscle moisture was greater in the 24 ppt than in the 8 ppt.  This likely was 
caused by muscle catabolism to supply the energy needed due to a lack of feeding
(Maddock and Burton 1994), which was observed for these fish. 
In conclusion, fish were losing water due to osmosis; however, they were
replacing these losses by ingesting the ambient water.  When fish were exposed to 
hyperosmotic salinities their drinking rates and correspondingly GIT Na+, K+-ATPase
activities also increased (in the 330 DAH fish).  The 60 DAH fish were able to maintain 
osmotic homeostasis in 0, 8, 16, and 24 ppt for 57 days.  The 330 DAH fish were only
able to survive in 16 and 24 ppt for 30 days.  During this time they lost weight and 






   
 
 





   
 
caused by the increased energy demands for osmoregulatory processes, including Na+, 
K+-ATPase activities.  This increase in energy demand increases the oxygen demand 
needed to supply the aerobic reactions of the Na+, K+-ATPase system.  However, the
interaction between salinity and wet weight only had an effect on increased oxygen 
demand in the 117 DAH fish (Ch. 3).  This, in addition to the fish not feeding, resulted in 
the fish losing weight and eventually not surviving.  Therefore, 330 DAH fish have the 
ability to survive in hyperosmotic salinities for short periods of time, but need to return to 
lesser salinities for long-term survival.  This ability allows alligator gar to survive in 
estuarine habitats, where salinities fluctuate in time and in space.  
Knowing the life history of alligator gar is important when developing
conservation and management plans.  This research increases knowledge of how alligator 
gar individuals are able to survive and when they can enter saline environments, which 
allows biologist the ability to know where alligator gar individuals can be found (based 
on salinity) and where these fish can be stocked or reintroduced.  This also creates 
baseline data on how the alligator gar is able to regulate water and ions at different 




































































































































































































































































































































































































































































































































































































































































































































     
 
    
    
    
     
     
     
     
      
    
    
    
    
    
    
    
    
    
    
     
    
    
    
    
    
    
    
    
    
+Table 7 +Mean Na , K -ATPase activities (± SE) by tissue and salinity for 60 days 
after hatch (DAH) alligator gar (Atractosteus spatula) held at different 
salinities in recirculating systems for a 30 day period at the South Farm 
Aquaculture Facility at Mississippi State University, Starkville, MS, USA in 
2010. There were no significant differences in enzyme activity between 
salinity treatments in each tissue (One-way ANOVA; P < 0.05). 
Salinity (ppt) Tissue No. of samples Mean Activity (IU g
-1of protein )
0 Gill Arches 1, 3, & 4 11 17.25 (± 4.41)
8 Gill Arches 1, 3, & 4 8 9.33 (± 1.94)
16 Gill Arches 1, 3, & 4 12 16.94 (± 3.29)
24 Gill Arches 1, 3, & 4 10 20.606 (± 3.61)
0 ndGill 2 Arch 10 19.53 (± 3.03)
8 ndGill 2 Arch 11 20.34 (± 3.76)
16 ndGill 2 Arch 7 28.39 (± 4.59)
24 ndGill 2 Arch 9 24.88 (± 3.81)
0 Kidney 8 8.85 (± 1.61)
8 Kidney 9 12.62 (± 2.49)
16 Kidney 11 9.82 (± 1.97)
24 Kidney 8 10.10 (± 2.63)
0 Esophagus 12 6.49 (± 1.94)
8 Esophagus 12 11.72 (± 5.35)
16 Esophagus 11 6.74 (± 1.60)
24 Esophagus 11 3.20 (± 0.87)
0 Pyloric Caeca 12 13.55 (± 2.84)
8 Pyloric Caeca 12 17.76 (± 4.76)
16 Pyloric Caeca 12 12.22 (± 2.70)
24 Pyloric Caeca 11 13.09 (± 3.70)
0 Mid Intestine 11 9.95 (± 3.45)
8 Mid Intestine 12 7.61 (± 1.81)
16 Mid Intestine 12 12.94 (± 3.20)
24 Mid Intestine 12 9.72 (± 2.29)
0 Post Intestine 11 4.31 (± 0.95)
8 Post Intestine 12 5.19 (± 1.99)
16 Post Intestine 12 9.23 (± 2.49)
























































































































































































































































































































































































































































































































































































































































































   
 
Figure 5 Mean (± SE) gill [A], esophagus [B] and gastrointestinal tract [C]) Na+, K+ 
ATPase activities for 330 days after hatch (DAH) alligator gar 
(Atractosteus spatula) acclimated to 0, 8, 16 and 24 ppt for 30 days at the
South Farm Aquaculture Facility at Mississippi State University, Starkville, 
MS, USA in 2010.  Different letters indicate significant differences (One-
way ANOVA per tissue; P ˂ 0.05; n=5-11, except for gill arches 1, 2 & 3 








   
 
   
    
 
Figure 6 Mean (± SE) plasma osmolality (A), Na+ (B) and Cl - (C) in alligator gar 
(Atractosteus spatula) 60 and 330 days after hatch (DAH) acclimated to 0, 
8, 16 and 24 ppt salinity for 30 days at the South Farm Aquaculture Facility
at Mississippi State University, Starkville, MS, USA in 2010-2011.  










Figure 7 Mean hematocrit (± SE) of 60 and 330 days after hatch (DAH) alligator gar 
(Atractosteus spatula) held at different salinities in recirculating systems 
after a 30 day period at the South Farm Aquaculture Facility at Mississippi 
State University, Starkville, MS, USA in 2010-2011.  Different letters 







Figure 8 Mean % muscle moisture (± SE) of 60 and 330 days after hatch (DAH)
alligator gar (Atractosteus spatula) held at different salinities in 
recirculating systems after a 30 day period at the South Farm Aquaculture
Facility at Mississippi State University, Starkville, MS, USA in 2010-2011.  










Figure 9 Mean drinking rate (± SE) of 85 and 300 days after hatch (DAH) alligator 
gar (Atractosteus spatula) acclimated to different salinities in recirculating
systems for at least 14 days at the South Farm Aquaculture Facility at 
Mississippi State University, Starkville, MS, USA in 2010-2011.  Different 
letters indicate significant differences (One-way ANOVA; P < 0.05; n=8).
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